Electrical polarization enables integrative quality control during bacterial differentiation into spores by Sirec, Teja et al.
  
 
 
 
warwick.ac.uk/lib-publications 
 
 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/117751                              
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions. 
 
© 2019 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/. 
 
 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 
Accepted Manuscript
Electrical polarization enables integrative quality control during bacterial differentiation
into spores
Teja Sirec, Jonatan M. Benarroch, Pauline Buffard, Jordi Garcia-Ojalvo, Munehiro
Asally
PII: S2589-0042(19)30181-6
DOI: https://doi.org/10.1016/j.isci.2019.05.044
Reference: ISCI 446
To appear in: ISCIENCE
Received Date: 23 August 2018
Revised Date: 18 December 2018
Accepted Date: 30 May 2019
Please cite this article as: Sirec, T., Benarroch, J.M., Buffard, P., Garcia-Ojalvo, J., Asally, M., Electrical
polarization enables integrative quality control during bacterial differentiation into spores, ISCIENCE
(2019), doi: https://doi.org/10.1016/j.isci.2019.05.044.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Engulfment Mother cell Forespore
Glutamate
ThT
Valinomycin
Endospore
(success)
Premature
germinator
(failure)
Quality Control
Low
Cation accumulation
High
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
page 1 
 
ISCIENCE-D-18-00407R2 1 
 2 
Title 3 
Electrical polarization enables integrative quality control during bacterial differentiation into 4 
spores 5 
 6 
Authors 7 
Teja Sirec
1
, Jonatan M. Benarroch
1,2
, Pauline Buffard
1
, Jordi Garcia-Ojalvo
5
, Munehiro 8 
Asally
1,3,4,6* 
9 
 
10 
Affiliations
 
11 
1
School of Life Sciences, University of Warwick, Coventry, CV4 7AL, The United Kingdom 12 
2
Warwick Medical School, Coventry, CV4 7AL, The United Kingdom 13 
3
Warwick Integrative Synthetic Biology Centre, Coventry, CV4 7AL, The United Kingdom 14 
4
Bio-electrical Engineering Innovation Hub, The University of Warwick, Coventry, CV4 7AL, 15 
The United Kingdom 16 
5
Department of Experimental and Health Sciences, Universitat Pompeu Fabra, 08003 17 
Barcelona, Spain 18 
6
Lead contact 19 
*Correspondence: M.Asally@warwick.ac.uk 20 
 21 
Keywords 22 
Bioelectricity; Bacterial Electrophysiology; Bacterial electrical signaling; Spores; Bacillus subtilis; 23 
Quality control; Cell differentiation; Surface potential; Cation dynamics; Quantitative Biology 24 
 25 
 26 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
page 2 
 
Summary 27 
Quality control of offspring is important for the survival of cells. However, the mechanisms by which 28 
quality of offspring cells may be checked while running genetic programs of cellular differentiation 29 
remain unclear. Here we investigated quality control during sporulating in Bacillus subtilis by 30 
combining single-cell time-lapse microscopy, molecular biology and mathematical modelling. Our 31 
results revealed that the quality control via premature germination is coupled with the electrical 32 
polarization of outer membranes of developing forespores. The forespores which accumulate fewer 33 
cations on their surface are more likely to be aborted. This charge accumulation enables the 34 
projection of multi-dimensional information about the external environment and morphological 35 
development of the forespore into one-dimensional information of cation accumulation. We thus 36 
present a paradigm of cellular regulation by bacterial electrical signaling. Moreover, based on the 37 
insight we gain, we propose an electrophysiology-based approach of reducing the yield and quality 38 
of Bacillus endospores. 39 
 40 
 41 
Introduction 42 
The significances of ion dynamics in bacterial signaling have been uncovered in the last few years 43 
(Lee et al., 2017). Cells within Bacillus subtilis biofilms can communicate with each other through 44 
electrical signaling mediated by the gating of K
+
 channels (Prindle et al., 2015). This bacterial 45 
electrical signaling increases the fitness of the population by enabling metabolic co-dependence 46 
within a biofilm (Liu et al., 2015) and nutrient time-sharing of distant biofilms (Liu et al., 2017). A 47 
recent study also revealed that the bacterial electrical signaling can attract motile cells in a species-48 
independent manner (Humphries et al., 2017). In E. coli, rapid change in membrane potential 49 
mediated by the opening of Ca
2+
 channels is crucial for the response to mechanical stresses (Bruni et 50 
al., 2017). As a result of these pioneering studies, bacterial electrical signaling concerning the ion 51 
dynamics has become an exciting avenue of research, which is however still largely uncharted. A 52 
particularly important unanswered question is how electrical dynamics interplays with complex 53 
genetic signaling processes (e.g. cellular differentiation). How genetically regulated processes 54 
interplay with environmental factors and physiological states is a timely and important research 55 
topic broadly in biology (Prindle et al., 2012; Taheri-Araghi et al., 2015; Willis et al., 2016). This is 56 
because, while molecular biological interactions are well studied in controlled experimental 57 
condition, still little is known about the interplay between genetic programs and physiological states. 58 
Having this in mind, we investigated the B. subtilis spore formation with a focus on the dynamics of 59 
cations and quality control. 60 
 Sporulation of B. subtilis is among the best-characterized bacterial cellular differentiation 61 
processes (Lopez-Garrido et al., 2018; Narula et al., 2016). Over five decades of in-depth genetic 62 
studies and high-throughput analyses have identified the genes and proteins governing this 63 
differentiation process (Eijlander et al., 2014; Mao et al., 2011). The principles of the cellular decision 64 
making, leading to the commitment to sporulation, have been deciphered by single-cell time-lapse 65 
microscopy and mathematical modelling (Kuchina et al., 2011; Narula et al., 2015). These extensive 66 
bodies of research have resulted in a good understanding of the genetic regulatory system driving 67 
sporulation. Briefly, the differentiation into endospores begins with phosphorylation of the master 68 
transcription factor Spo0A, which leads to the “commitment” defined by the irreversible formation 69 
of an asymmetric septum. The septum formation triggers the multistage differentiation program 70 
regulated by compartment-specific sporulation sigma factors, resulting in the genetically regulated 71 
developmental processes: forespore engulfment, cortex synthesis, coat assembly and mother-cell 72 
lysis. Due to the mode of formation, the outer spore membrane has opposite polarity with respect 73 
to the inner spore membrane (Wilkinson et al., 1975) (Figure 1A). 74 
 While it is well established that sporulation is regulated by a complex genetic program, it is also 75 
evident that the process is subject to a variety of internal and external conditions. Poorly developing 76 
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spores are eliminated from the population through the quality control mediated by Clp proteases 77 
and GerA-dependent premature germination (Ramírez-Guadiana et al., 2017b; Tan et al., 2015). 78 
Intriguingly, the quality (e.g. resistance and germination properties) of endospores differs depending 79 
on the environmental conditions during sporulation (Nguyen Thi Minh et al., 2011; Rose et al., 2007). 80 
For example, endospores produced at high temperature (~50 °C) exhibit higher resistance against 81 
heat (~100 °C) (Palop et al., 1999). A recent study also suggested that the timing of sporulation 82 
affects the spore quality (Mutlu et al., 2018). It is worth noting that such condition-dependent 83 
variability of spores is recognized as a major challenge in food industries since it precludes the 84 
reliable standardization of the sterilization procedures (Eijlander et al., 2011). However, despite 85 
these observations demonstrating the phenotypic plasticity of endospores, the mechanism by which 86 
diverse environmental factors and morphological properties affect the sporulation process remains 87 
unknown. 88 
 We hypothesized that diverse morphological properties and environmental factors can be 89 
sensed through electrophysiological dynamics of cells during sporulation, which provides an 90 
orthogonal dimension to the complex genetic program of spore differentiation. We characterized 91 
the dynamics of cationic molecules during late sporulation (stage IV-VI) of B. subtilis. Our single-cell 92 
time-lapse microscopy measurements, combined with examinations of genetic mutant strains and 93 
minimalistic computational simulations, suggest that the success rate of endospore formation 94 
depends on the cation accumulation to the forespore surfaces. Specifically, spore formation is more 95 
likely to be completed when forespores accumulate high levels of cations on their surface. 96 
Intriguingly, this sensing mechanism enables the quality control to be responsive not only to 97 
forespore morphogenetic errors but also to the external environments. Thus, the electrostatic 98 
attraction during late sporulation provides a molecular-level insight to the mechanism that enables 99 
integrative quality control for spore formation. Finally, in the light of the findings we gained, we 100 
succeed in promoting the failure of sporulation using Thioflavin T (ThT) while at the same time 101 
decreasing the resistance property of endospores against wet heat. 102 
 103 
 104 
Results 105 
Single-cell measurements of cation accumulation dynamics during sporulation 106 
To investigate the electrostatic dynamics during late sporulation, we performed time-lapse 107 
fluorescence microscopy with sporulating B. subtilis cells. ThT is a membrane permeable cationic dye 108 
which has been used with B. subtilis (Humphries et al., 2017; Lee et al., 2019; Liu et al., 2017; Prindle 109 
et al., 2015; Stratford et al., 2019). Hence, we decided to utilize it as an indicator for electrical 110 
polarity during forespore development. Single-cell measurements of ThT fluorescence revealed a 111 
gradual increase of the signal on a developing forespore, which then rapidly drops upon mother-cell 112 
lysis (Figures 1B and 1C, and Movie 1). The fluorescence signal was seen intensely on the peripheral 113 
regions of the forespores (Figures 1C and S2). The temporal increase in ThT fluorescence was 114 
preceded by the increase in phase-contrast channel which coincides with the pH drop in the core 115 
compartment (Figure S3 and Movie 2). The rapid drop of the ThT signal upon mother-cell lysis 116 
indicates that ThT associates with the forespore surface in a dynamic manner. The experiments with 117 
another positively charged lipophilic dye, TMRM (Kralj et al., 2011; Lo et al., 2007), exhibited the 118 
same dynamics as ThT (Figures S4, and Movie 3, see also SI text). These results indicate that the 119 
forespore surfaces polarize negatively during late sporulation. We note that the forespore surface is 120 
defined here as in the electrochemical sense: the membrane can act as an insulator, while spore 121 
coat and crust layers do not act as diffusion barriers for small ions due to their porous structures 122 
with the exclusion size of 2-8 kDa (Driks, 1999; Plomp et al., 2014).  123 
 We next performed single-cell tracking of ThT dynamics with the cells that produced phase-124 
bright endospores (n = 122). For individual cells, ThT intensity on the forespore compartment was 125 
measured until 1 hour after the mother-cell lysis. All timeseries follow the pattern presented in 126 
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Figures 1B and 1C; explicitly, ThT intensity increases gradually and drops rapidly upon mother-cell 127 
lysis. However, there is a large degree of heterogeneity between individual cells (Figure 1D). To 128 
better understand the observed heterogeneity, we analyzed the ThT time-traces of individual cells 129 
by aligning each of the time-trace to the frame where the ThT intensity reaches 1,000 au (arbitrary 130 
unit), shown as a dashed horizontal grey line in Figure 1D. This alignment revealed a finite increase 131 
rate of fluorescence signal (Figure 1E). On the contrary, the length of time it takes to reach mother-132 
cell lysis varies substantially among cells (Figure 1E; the time-traces after mother-cell lysis are 133 
highlighted in red). On average, after the ThT value reaches 1,000 au, it takes 3.3 hours for the 134 
spores to be released from mother cells with a standard deviation of 1.4 hours (Figure S5 and S6). As 135 
a consequence of the finite gradual increase and heterogeneous timing of ‘exit’, different cells reach 136 
the different level of peak ThT intensities; the longer the forespore persists in the mother cells, the 137 
greater the ThT accumulation becomes on forespores. The peak ThT intensity levels are however 138 
only weakly correlated with the intensity levels on the released endospores (Figure S7). This suggests 139 
that not only the negative surface potential of forespores, but the internal environment of mother 140 
cells may also contribute to the accumulation of ThT on forespore periphery. Altogether, our single-141 
cell analysis revealed that the mother-cell-side surface of outer forespore membranes increasingly 142 
becomes negative during late sporulation. This conclusion is consistent with the previous study 143 
reporting the negative surface potential of mature endospores (ζ potential = -26 mV at pH 7.0) 144 
(Piktel et al., 2017). 145 
 146 
Outer spore coat accumulates positive molecules on the forespore surfaces by electrostatic 147 
attraction 148 
The negative surface potential of developed endospores was implicated with the outer protective 149 
layers (Pesce et al., 2014). Therefore, we hypothesized that assembly of outer protective layers 150 
(mother-cell side of outer spore membrane) accounts for the negative surface potential of 151 
forespores. To examine this conjecture, we measured the ThT dynamics with mutant strains lacking 152 
the outer spore coat; specifically, we utilized two deletion mutant strains lacking sigK and gerE. 153 
These genes encode late sporulation regulators which control the expression of coat proteins and 154 
cortex synthesis enzymes. The fluorescence intensities on forespores in these mutant strains were 155 
clearly lower than in the wildtype strain (Figures 2A and 2B, see also Figure S4C). Furthermore, time-156 
lapse microscopy with cotE deletion strain showed diminished fluorescence intensity increase 157 
(Figure S8). These results suggest that the outer layers of forespores are the main contributor to the 158 
accumulation of positive ions on the forespore surfaces. 159 
 To further examine the contribution of individual coat proteins, we measured ThT fluorescence 160 
with the mutants lacking the structural proteins of the outer spore coat. Specifically, we measured 161 
ThT intensities on endospore surfaces with the mutant strains of cotB, cotBG, cotU, and cotCU, as 162 
well as the gerE strain. The mutants mostly showed similar intensity level of ThT compared to 163 
wildtype, however, a slight decrease in ThT intensity was observed with the cotBG double deletion 164 
strain (Figure 2C). Therefore, the negative surface potential of forespores is likely associated with 165 
the multiple components of outer endospores coat, including CotB and CotG. Taking into account 166 
the previous studies reporting the negative electric charge of endospores (Pesce et al., 2014; Piktel 167 
et al., 2017), our results suggest that the outer protective layers of forespores attract cations as 168 
forespores develop into resilient spores on the mother-cell side of outer forespore membranes. 169 
 170 
Electrostatic attraction of cations on forespore surfaces correlates with the probability of 171 
premature germination 172 
We next wondered if the cation accumulation on the forespore surface has a biological role in 173 
sporulation. Our single-cell time-lapse microscopy showed that some phase-bright forespores turned 174 
into phase-dark while still inside mother cells (Figure 3A; upper panel, Figure 3B, and Movie 4). This 175 
change in the phase contrast was reminiscent to the germination of endospores. We thus speculated 176 
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that this change is due to premature germination within mother cells. To test this idea, we 177 
conducted time-lapse microscopy with the mutant strain lacking gerA gene, which encodes a main 178 
germinant receptor essential for the L-alanine-induced germination. As expected, the deletion of 179 
gerA gene eliminates the change of phase brightness with forespores (Figure 3A; lower panel, Figure 180 
3B, and Movie 5). This observation later appeared complementary to the genetic analyses of a 181 
recent paper (Ramírez-Guadiana et al., 2017b). Through extensive genetic analysis, this study by 182 
Ramirez-Guadiana et al elegantly demonstrated that GerA-mediated premature germination is 183 
coupled with morphogenetic errors. However, how cells are able to couple premature germination 184 
with a range of different types of morphogenetic errors, such as synthesis of the endospore 185 
protective layers (coat and cortex) and core dehydration, remained unclear. We thus aimed to 186 
understand the possible mechanism by which the probability of premature germination is tuned 187 
during sporulation. 188 
 By taking an advantage of time-lapse single-cell imaging, we quantified the time evolution of 189 
premature germination events. Our data revealed that the probability of premature germination 190 
decreases as the level of cation accumulation on the forespore surface increases (Figure 3C). 191 
Therefore, we hypothesized that the accumulation of cationic ions on forespore surfaces may 192 
prevent the germination of forespores (Figure 3D). Intriguingly, high levels of various cationic ions 193 
(e.g. K
+
, Na
+
 and Ca
2+
) prevent the germination of “endo-”spores by limiting the access of L-alanine to 194 
the intermembrane space where the germinant recognition sites of GerA exist (Nagler and Moeller, 195 
2015). Inspired by this, we hypothesized that the electrical polarization of the forespore surfaces 196 
relates with the membrane transport across the outer membrane, which alters the probability of 197 
premature germination. To identify which native cations may be involved in the modulation of 198 
premature germination probability, we used fluorescent indicators APG-2 AM and ANG-2 AM to 199 
measure K
+
 and Na
+
, respectively (Prindle et al., 2015). Both K
+
 and Na
+
 appeared to be accumulated 200 
on forespore periphery regions (Figures S9 and S10). APG-2 provides a clear signal, while the other 201 
two reporters are relatively noisy with our experimental setting. Therefore, while we emphasize that 202 
we do not exclude the possibilities that other cations (e.g. Mg
2+
 or Na
+
) are also accumulated, we 203 
concluded that K
+
 is one of the cations that accumulates highly on the forespore surfaces.  204 
 205 
The premature germination probability can be modulated by chemical perturbations 206 
To further investigate the hypothesis that the electrical polarization of forespore surfaces suppresses 207 
premature germination, we established a minimalistic phenomenological model describing the 208 
cation dynamics in cytoplasm () and forespore-bound () (Figure 3D). Accounting for the 209 
development of negative surface potential of forespores, we assumed that the affinity of cations to 210 
forespore surfaces () increases over time and eventually saturates at a value, . Numerical 211 
simulations of this model showed that   decreases in a monotonic manner when cation 212 
accumulation is inhibited (lower ) or cation efflux is increased (higher 	
) (Figure 3E). 213 
 We first examined the prediction from the model regarding the decrease in cation accumulation 214 
(lower 	). By taking into account the charge conservation law, it is expected that exogenous 215 
cations should act as a competitive inhibitor for native cations (e.g. K
+
) in terms of forespore surface 216 
accumulation. In fact, we observed decreased accumulation of K
+
 on forespore surfaces when ThT is 217 
present (Figure S9), suggesting that ThT may act as a competitive inhibitor for the cation 218 
accumulation. Therefore, our model predicted that addition of ThT should increase the premature 219 
germination probability. We estimated the probability of premature germination with and without 220 
ThT, and found that a greater fraction of forespores, albeit slightly, germinate prematurely when ThT 221 
is supplemented to the media (Figure 4A). We confirmed that the premature germination remains 222 
absent in ∆gerA strain with or without the presence of ThT (Figure 4A). We also examined whether 223 
ThT has a direct interaction with the GerA receptor, by conducting germination assay with purified 224 
endospores. The result showed that, unlike premature germination of forespores, the germination 225 
of mature endospores is unaffected by ThT (Figure S11). This result indicates that observed increase 226 
of premature germination probability is not due to direct interaction between GerA receptor and 227 
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ThT. To examine the causality of the ThT effect, we tested different ThT concentrations and 228 
measured the premature germination probability. The results showed a clear increase of phase-dark 229 
endospore fraction as a function of ThT concentrations (Figure 4B and 4C). 230 
 We next examined the prediction from the model regarding the increase in cation efflux (higher 231 
	
) by utilizing valinomycin. Valinomycin is a potassium ionophore, which means it increases the 232 
membrane permeability of K
+
, leading to a greater 	
. As can be seen in Figure 3E, the model 233 
predicts that valinomycin should increase the probability of premature germination. In order to 234 
minimize the potential global impacts of valinomycin, we exposed cells to valinomycin only after 235 
cells reaching the commitment stage (cultured in the Resuspension Medium (RM) for 3.5 hours). 236 
Quantification of single-cell time-lapse microscopy data showed that the probability of premature 237 
germination significantly increases by valinomycin (Figure 4D). To check that this is not due to a 238 
general toxic effect of valinomycin, committed cells of ΔgerA strain were also exposed to 239 
valinomycin. Contrary to the results with wildtype, the sporulation of ΔgerA strain was unaffected by 240 
valinomycin and phase-bright endospores were produced normally (Figures 4D and S12). This result 241 
indicates that the crucial role of the transmembrane electrochemical gradient of K
+
 during late 242 
sporulation (stage IV-VI) is to prevent premature germination, but not to support harvesting the 243 
energy required for the completion of late sporulation process. 244 
 245 
Glutamate availability influences the probability of premature germination  246 
While a previous study suggested that the probability of premature germination may be constant in 247 
different media (Ramírez-Guadiana et al., 2017b), our model predicted that environmental 248 
conditions, that affect the mother-cell membrane potential, should alter the probability of 249 
premature germination. To this end, we focused on glutamate availability because glutamate is a 250 
gating molecule for the K
+
 channels (Liu et al., 2017; Prindle et al., 2015). Thus, according to Figure 251 
3E, our model predicted that premature germination probability would decrease as a function of 252 
glutamate levels in the media (lower 	
). 253 
 To test this experimentally, cells committed to sporulation were transferred to the RM 254 
containing different levels of glutamate (final concentrations, 0.5 - 8.0 % (w/v)). Then, the probability 255 
of premature germination and the forespore-surface charge were determined by single-cell 256 
microscopy (Figure 3B). The results showed that, as predicted by the model, the probability of 257 
premature germination decreases as a function of glutamate concentrations, while the accumulation 258 
of charge is inversely correlated with the glutamate levels (Figure 4E). This result indicates that the 259 
probability of premature germination is indeed dependent on the media compositions. 260 
 Altogether, our results suggested that under favorable conditions (e.g. high glutamate 261 
concentrations in the media) the probability of premature germination is lower. However, when 262 
conditions are not favorable (which results in higher 	
) or when forespores have morphological 263 
errors (which results in lower ), forespores are more prone to germinate prematurely. 264 
 265 
Spores produced in media containing ThT are less resistant against wet heat 266 
Considering that the quality/quantity control of endospores poses a challenge in our society (Nguyen 267 
Thi Minh et al., 2011), we wondered if the above understanding enables us to propose a way of 268 
controlling the quality and quantity of endospores. 269 
 SpoVV is a concentrative nucleoside transporter that translocates dipicolinic acid (DPA; 270 
pyridine-2,6-dicarboxylic acid) against the concentration gradient across the outer forespore 271 
membrane from the mother-cell compartment to the intermembrane space (Ramírez-Guadiana et 272 
al., 2017a). The deletion of spoVV dramatically increases the probability of premature germination 273 
(Ramírez-Guadiana et al., 2017b). The reduction of DPA accumulation into spore core is typically 274 
associated with wet-heat resistance. We speculate that ThT treatment during sporulation could 275 
reproduce the phenotype of the spoVV deletion. 276 
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 To test this, we prepared endospores using the sporulation media RM with and without 10 µM 277 
ThT and conducted the wet-heat resistance assays at 80 °C for 30 minutes (Figure 5A). As a control, 278 
we also treated endospores with ThT after completion of spore formation (Figure 5A; middle). The 279 
survivability of endospores was measured for each sample and normalized to the survivability of 280 
endospores prepared without ThT (Figure 5A; top). The endospores exposed to ThT after completing 281 
sporulation (Figure 5A; middle) exhibit the survivability comparable to the endospores without ThT 282 
(Figure 5B). However, the endospores prepared with ThT are more sensitive to the wet-heat 283 
treatment than the endospores prepared without ThT (Figure 5B). This result suggests that 284 
supplementation of ThT not only reduces the yield of endospores (Figure 4B) but also diminishes the 285 
wet-heat resistance property (Figures 5B and 5C).  286 
 287 
 288 
Discussion 289 
By measuring the cation dynamics during late sporulation, we demonstrated that forespores poorly 290 
accumulating cations preferentially germinate while still inside the mother cells. Our results revealed 291 
that the premature germination process is coupled with the external and internal conditions during 292 
late sporulation through the cation accumulations on forespore surfaces. More specifically, 293 
environmental factors affect the cytoplasmic cation levels and the establishment of protective layers 294 
and molecule transport across outer membranes alter the accumulation of cations. This mechanism 295 
could add plasticity to the genetically regulated processes of sporulation. 296 
 297 
Cation accumulation as an integrative indicator for various internal and external environments 298 
A universal challenge of quality control is to integratively monitor the diverse internal and 299 
environmental factors which may be influential for the offspring survival. This is a challenging task to 300 
be achieved by specific sensor proteins because it requires a wide variety of sensors and integration 301 
of inputs. In the case of B. subtilis sporulation, our data suggested that the cation accumulation 302 
enables coupling of internal and external conditions with the quality control system via premature 303 
germination. This mechanism presents an elegant solution to the challenge of sensing diverse 304 
environmental factors and morphological errors. This finding also raised the possibility that 305 
concentrations of cations may influence the assembly of protective layers, which can result in 306 
phenotypic plasticity. It would be interesting to experimentally examine this possibility. Other 307 
important unanswered question is the driving force of SpoVV transporter. If the asymmetric surface 308 
potential across the outer membrane contribute to the driving force for SpoVV, it may be expected 309 
that it is an antiporter. Biophysically analyzing the SpoVV transporter to examine the direction of ion 310 
flux and its driving force will be an important topic of research.   311 
Our results suggest that K
+
 is an important cation accumulated on forespore surfaces. However, it 312 
remains unclear if the accumulation of other cation species (eg Na+) is equally or more crucial for 313 
the premature germination control. Since various cations are shown to suppress endospore 314 
germination (Nagler et al., 2014), it is conceivable that accumulation of different ion species may 315 
have different impacts to assembly of coat proteins.  316 
 317 
Potential roles of premature germination in biofilm colonies 318 
Our study presents a perspective in the emerging research field of bacterial electrical signaling (Lee 319 
et al., 2017). We showed the probability of premature germination depends on the mother cells’ 320 
ability to take up cations from their environment. Because the efficiency of cation uptake can be 321 
altered by the biofilm electrical signaling (Prindle et al., 2015), electrical signaling should, in theory, 322 
alter the probability of premature germination. Intriguingly, in B. subtilis biofilms, sporulation is 323 
regulated both in space and time (Branda et al., 2001). However, the mechanism by which this 324 
pattern emerges remains unclear. Based on the insight we gained in this study, we suspect that the 325 
spatio-temporal organization of sporulation during biofilm formation may also be regulated by 326 
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electrical signaling and premature germination. Cell lysis after premature germination may also 327 
provide some benefits to the surrounding cells by providing nutrients or physical space. Such 328 
interactions would be pronounced when cells are structurally organized, such as in biofilms (Asally et 329 
al., 2012; Momeni et al., 2013). Hence, it is plausible to speculate that cell death through premature 330 
germination may provide more significant population-level impacts in biofilms. In our future 331 
research, we shall determine the potential roles of biofilm electrical signaling to sporulation, and 332 
vice versa. 333 
 334 
ThT as a potential chemical to prevent the formation of resistant endospores 335 
We showed that ThT decreases the yield of endospores by promoting the premature germination, 336 
while at the same time, lowering the wet-heat resistance of endospores. These results propose a 337 
usage of ThT as an agent to limit the formation of resistant endospores. We believe this is an 338 
attractive possibility since ThT is likely non-toxic to humans. Intriguingly, ThT at 50 μM has been 339 
shown to prevent the disruption of muscle sarcomeres during the aging and extend the median 340 
lifespan of C. elegans (Alavez et al., 2011). Coincidentally, 50 μM is the ThT concentration at which 341 
we observed almost complete abolishment of phase-bright endospore formation. Therefore, ThT at 342 
the concentration around 50 μM may bring multiple benefits to the industries where endospore 343 
formation poses problems. We also note that ThT is a relatively inexpensive chemical; a liter of 50 344 
μM ThT solution would cost approximately 0.05 US dollars. Bacterial spores of other species are also 345 
negatively charged (Pesce et al., 2014; Piktel et al., 2017), which suggest the mechanism may be 346 
conserved among species. As such, systematic investigation of the impact of ThT in various spore-347 
forming bacterial species, such as B. anthrax and C. difficile, would be an important avenue of 348 
further research.  349 
 350 
Limitations of the study 351 
The molecular mechanisms by which premature germination is coupled with cation accumulation 352 
remains unclear. Additional experiments are needed to determine the electrical potential across 353 
outer and inner spore membranes and to understand their roles in sporulation and germination. 354 
Physicochemical modelling framework is still to be done to understand the electrical potential 355 
dynamics during sporulation.  356 
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Figure legends 489 
Figure 1. Single-cell dynamics of a cationic dye revealed a gradual increase on forespores and 490 
sudden drop upon mother-cell lysis.  491 
A) Illustrative diagram showing the membrane polarities of a sporulating cell. Engulfment process 492 
results in forespore membranes with opposite polarities to each other. Quality control works during 493 
late sporulation (stage IV-VI) where protective layers are assembled and matured. B) Timeseries of 494 
the mean intensities of phase contrast (grey) and ThT (orange) in spore region. The data corresponds 495 
to the panel C. ROIs (region of interest) used for the measurements are shown in Figure S1. ThT was 496 
added at 10 µM. C) Film-strip images showing the phase-contrast (upper) and ThT (lower) of a live 497 
single-cell sporulating cell. The scale bar is 1 µm. Color scale for ThT intensity is shown in the left-end 498 
panel for ThT. Film-strip is a representative of successfully sporulating cells from twenty-nine 499 
independent experiments. D) Timeseries of single-cell ThT fluorescence dynamics from 122 500 
forespores. Forespore regions of ThT intensity were measured until 1 hour after mother cell lysis. All 501 
time-series qualitatively follow the pattern represented in panel C, but a great degree of 502 
heterogeneity between cells. The dashed line represents the value used for alignment in panel E. E) 503 
The data set shown in panel D was aligned to the frame it first reaches ThT intensity value 1000. 504 
Timeseries after reaching maximum are highlighted in red. ThT increases at a relatively finite rate. A 505 
great degree of heterogeneity in timing of mother-cell lysis was observed (red lines). Histograms of 506 
the late-sporulation duration with and without ThT are shown in Figure S3 and S4. 507 
  508 
 509 
Figure 2. ThT accumulation is due to the negative surface potential of spores. 510 
A) ThT fluorescence images with mutant strains lacking spore coats. Microscopy images of phase 511 
contrast (upper panels) and ThT fluorescence (lower panels) of wildtype (wt), ΔsigK, and ΔgerE 512 
strains. Scale bar, 1 µm. B) Box and whisker plot showing peak ThT intensities in wt, ΔsigK, and ΔgerE 513 
strains. 30 cells were analyzed for each strain from two independent experiments. The boxes and 514 
whiskers show IQR (interquartile range), and 1.5x IQR, respectively. C) Histogram of ThT intensities 515 
on endospores with wt, ΔcotU, ΔcotC, ΔcotB, ΔcotBG, and ΔgerE. The number of endospores 516 
analyzed from at least two independent experiments is indicated in each panel. Histogram of wt 517 
strain is shown in grey in all panels for comparison with mutant strains (shown in orange). ΔcotBG 518 
and ΔgerE strains exhibit 13.5% and 43% reduction of average ThT intensity levels from wt.  519 
  520 
 521 
Figure 3. Cation accumulation on forespore surfaces suppresses premature germination 522 
A) Phase-contrast images of wildtype (WT) and ΔgerA strains during sporulation. Scale bar, 2 µm.  523 
Premature germination is indicated by white arrows, while is absent with ΔgerA. B) Estimated 524 
probability of premature germination in wt and ΔgerA strains (at least 351 sporulating cells were 525 
analyzed for each strain from two independent experiments). Error bars are 95 % confidence 526 
intervals for Poisson distribution. C) The probability of premature germination and ThT fluorescence 527 
(mean ± sem) over time. Timeseries of single cell ThT intensity are aligned as in Figure 1E and 528 
probability of premature germination was calculated for each hour. D) A diagram showing the 529 
hypothesis that premature germination probability is coupled with the cation accumulation on 530 
forespore surfaces. A phenomenological mathematical model was developed accounting the influx 531 
and efflux of cations (k2 and k-2) and the binding and unbinding of cations to forespore surfaces (k1 532 
and k-1). E) Heatmap showing the simulation results of Cf (cations on forespore surface) computed 533 
with various k1max and k-2. 534 
  535 
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Figure 4.  Chemical perturbations alter the probability of premature germination  537 
A) The probability of premature germination with and without ThT. The premature germination 538 
remains absent with gerA deletion strain. At least 351 sporulating cells from two independent 539 
experiments were analyzed for each condition/strain. The error bars are 95% confidence intervals 540 
for Poisson distribution. B) Microscopy images of endospores cultured in liquid RM supplemented 541 
without or with ThT at 1 µM, 5 µM, 50 µM. Scale bar, 5 µm. Phase-dark spores are distinguished 542 
from vegetative cells by their size. C) Quantification of panel B. The fraction of germinated (phase-543 
dark) endospores increases as increasing ThT. D) Addition of valinomycin to the media increases the 544 
probability of premature germination. At least 339 sporulating cells were analyzed for each 545 
strain/condition. Error bars represent 95% confidence intervals for Poisson distribution. E) The peak 546 
fluorescence signal on forespore surfaces (TMRM) and the probability of premature germination 547 
drops (lower plot) were plotted with various levels of glutamate (final concentrations). 31 cells from 548 
three independent experiments were analyzed for each condition. Shaded regions are standard 549 
deviation for the upper plot, and Poisson confidence intervals for the lower plot. 550 
  551 
 552 
Figure 5. ThT decreases the wet-heat resistance level of endospores. 553 
A) Diagram describing the wet-heat resistance assay shown in panel C. Cells were committed to 554 
sporulation (culture for 3.5 hours in RM), then moved to RM with and without ThT. Spores were 555 
treated at 80 °C for 30 minutes. See Methods for details. B) Survivability of endospores relative to 556 
spores produced without ThT. Wet-heat survivability is lower when spores are formed with the 557 
presence of 10 µM ThT. Survivability is comparable when ThT is added to the endospores already 558 
prepared in RM without ThT. Error bars are 95 % confidence intervals for Poisson distribution based 559 
on the number of spores observed. Data from three technical replica and three independent 560 
biological replicates. 561 
 562 
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Highlights: 
• Quality control during bacterial sporulation is coupled with cation accumulation. 
• Cation accumulation prevents premature germination. 
• Cation accumulation integrates information on morphological defects and 
environments. 
• Spores are less fit when sporulated with Thioflavin T. 
